Background: Peroxiredoxins (Prxs) are antioxidant enzymes expressed by most free-living organisms, often in multiple isoforms. Because mammalian Prxs have not been experimentally deleted or inhibited, it is not known how much they contribute to antioxidant defense, nor whether the multiple isoforms afford redundant or additive protection. Materials and Methods: Expression of the four members of the 2-Cys family of human Prxs was tested in human tumor cell lines. Monospecific antibodies were developed and used to monitor the extent and specificity of inhibition of expression of each isoform in prostate cancer cells stably transfected with antisense constructs. Results: Seventeen tumor lines transcribed genes for all four human Prxs. Prostate cancer cells coexpressed each isoform at the protein level. Stable transfection with antisense allowed partial, selective suppression of Prx 1, 2, 3,
Introduction
In vitro, reactive oxygen intermediates (ROI) produced by activated granulocytes and macrophages can kill comparable numbers of mouse tumor cells (1) (2) (3) . ROI-dependent killing becomes particularly effective when the tumor cells' antioxidant defenses are inhibited by interference with the synthesis, oxidation, or reduction of glutathione (4) (5) (6) . ROI may be generated within tumors when X-irradiation ionizes water, apoptosis disrupts mitochondrial electron transport (7) , certain chemotherapeutic agents undergo autoxidation (8) (9) (10) (11) , T cells (12) or immune complexes (2) activate macrophages, or complement-fixing antibodies and cytokines attract and trigger neutrophils (13) . Even the systemic injection of an H 2 O 2 -producing oxidase coupled to polystyrene microbeads cured mice of a disseminating malignancy (14) . However, efforts to exploit ROI to kill human cancer cells were set back when it was discovered that lysis of many human cells requires one to two orders of magnitude more H 2 O 2 than does lysis of mouse cells (15) . The basis for this species difference remains unexplained (15) .
More than a century following the discovery of catalase, our understanding of mammalian cellbased antioxidant defenses is still growing. Among them, diverse defenses against hydroperoxides have been identified, including the glutathione and thioredoxin redox cycles, methionine sulfoxide reductase (16, 17) , ␣-keto acids (18, 19) , and peroxiredoxins (20) (21) (22) . In human cells, we have little insight into the degree to which these systems are additive or mutually redundant. For example, simultaneous inhibition of glutathione synthesis and catalase in some human cancer cells did not sensitize them to H 2 O 2 (15) , suggesting that those defenses were redundant with some other pathway(s).
Peroxiredoxins (Prxs) are an enzyme superfamily whose first-discovered members were the nonflavin (colorless or "C") chains of bacterial alkylhydroperoxide reductase, termed AhpC (23) . Eukaryotic homologs called "thiol-specific antioxidants" and then "thioredoxin peroxidases" were discovered in yeast (24) and rat (25) . As it became clear that not all these proteins use thioredoxin, they were renamed peroxiredoxins (21) . Genome sequencing indicates that Prxs are the most widely represented antioxidant enzymes recognized (22) . In human, isoforms 1-4, the 2-Cys subgroup, share two conserved motifs centered on Cys residues. Isoform 5 differs because its C-terminal cysteine is not in the conserved position (26, 27) . Isoform 6 conserves only the Cys nearer the NH 2 -terminus, which is the catalytic site. Recombinant mammalian Prxs can use thioredoxin, cyclophilin (28) and/or unidentified electron donors for the reduction of H 2 O 2 and organic peroxides.
Forced overexpression of mammalian Prxs led to a gain of function (29, 30) . However, there have apparently been no studies in which mammalian Prxs have been deleted or inhibited. One study reported suppressing a single human Prx isoform by an antisense approach (31) , but the possible impact on other isoforms was not investigated. Thus, the physiologic contributions of mammalian Prxs, acting individually or collectively, remain undefined. Bacterial peroxiredoxins confer resistance not just to ROI but also to reactive nitrogen intermediates (RNI) (32) by acting as components of a peroxynitrite reductase (33) . It is unknown whether mammalian Prxs may act in a similar manner.
The present study addresses the following questions. Despite their high sequence conservation, can the individual Prxs of the 2-Cys family be monitored individually at the protein level? If so, are they broadly or selectively expressed by human cancer cells? Can their expression be suppressed selectively? Is the protection they afford redundant or additive among themselves and with glutathione? Does each Prx protect against the same stresses? Is protection evident only against exogenously supplied H 2 O 2 and organic peroxides, or also against potentially related stresses, such as a chemotherapeutic agent that generates intracellular ROI, a cytokine whose induction of apoptosis involves endogenous ROI generation, and RNI?
Materials and Methods

Cell Culture
P815 mouse mastocytoma cells are described elsewhere (14) . All other cells were human. Prostate cancer cell lines PC3, Du145, LNCaP, and TSU-Pr1 were gifts from Dr. A. Houghton (Memorial Sloan Kettering Cancer Center, New York, NY), who had obtained them from the American Type Culture Collection. They were cultured in complete medium (DMEM with 10% heat-inactivated fetal bovine serum, 100 U/ml of penicillin, 100 g/ml of streptomycin, and 2 mM of glutamine). Melanoma cell lines SK-MEL-28 and -64 and renal carcinoma lines SKRC 1, 7, 8, 9, 29, 39, 44 , and 49 were also gifts of Dr. Houghton from lines established at the SloanKettering Institute; they were cultured in complete medium formulated as above except based on MEM and enriched with nonessential amino acids. For the renal epithelial cell line 293 (ATCC), complete medium was based on RPMI 1640. For chronic myelogenous leukemia cell line K562 and breast cancer cell lines BT20 and MDA-MB-231 (ATCC), complete medium was based on IMDM. Cells were cultured at 37ЊC in 5% CO 2 .
RT-PCR
Total RNA was purified from ϳ5 ϫ 10 6 cells by a single-step method using TRI Reagent (Molecular Research Center, Cincinnati, OH). One microgram of total RNA was reverse-transcribed to first strand cDNA for 15 min at 42ЊC with 50 U of MuLV reverse transcriptase and 2.5 M random hexamer or oligo d(T) 16 primers (Perkin-Elmer, Norwalk, CT). Amplification of these cDNAs by PCR was performed using the following primers: 
Production of Specific Antisera
Full-length Prx 1, 2, and 3 cDNAs were cloned from 293 cells and Prx 4 cDNA from K562 cells by RT-PCR in the pT7-blue blunt vector (Novagen, Madison, WI) and sequenced. Subclones placed downstream of an IPTG-inducible promoter in the pQE vector were used to transform Escherichia coli M15 (pREP4). Hexahistidine fusion proteins were induced with IPTG and purified on Ni ϩ -NTA resin followed by SDS-PAGE. Synthetic peptides were conjugated to keyhole limpet hemocyanin. Electroeluted recombinant proteins or conjugated peptides were injected into rabbits. For Western blot, recombinant proteins and tumor cell lysates were separated by SDS-PAGE and electroblotted onto a 0.2-m pore nitrocellulose membrane, which was blocked in 5% nonfat milk in TBST (25 mM Tris [pH 7.5], 150 mM NaCl, 0.1% Tween 20), probed with antiserum, washed with TBST and incubated with horseradish peroxidase-conjugated donkey anti-rabbit IgG (Amersham) for detection by enhanced chemiluminescence (NEN Life Science, Boston, MA or Pierce, Rockford, IL).
Stable Transfection with Antisense Constructs
Fragments of plasmids containing the entire coding regions of Prx 1, 3, or 4 or nt 1-224 of Prx 2 were subcloned in reverse orientation into pcDNA3 (Invitrogen, Carlsbad, CA) to generate antisense Prx isoform plasmids pcASPrx 1-4. PC3 cells were transfected with insert-free pcDNA3 vector or the above antisense Prx isoform expression plasmids using LipofectAMINE 2000 Reagent (Life Technologies, Inc., Grand Island, NY). Stable transfectants were selected in culture medium containing 400 g/ml G418 and 5 mM pyruvate. and remained present during the 24 hr following addition of H 2 O 2 . Other test agents were paclitaxel (Sigma), etoposide (Sigma), tumor necrosis factor (TNF) (Genentech, So. San Francisco, CA),
and S-nitrosoglutathione (GSNO) (Alexis).
Results
Production of Isoform-Specific Antisera
Before attempting to suppress individual Prxs, we needed a means to monitor the expression of each isoform at the protein level. This was challenging because the 2-Cys Prxs are 55-75% identical (Fig. 1A) .
Cytotoxicity Assays
Cells were plated at 4 ϫ 10 3 cells per well in 96-well plates. After 24 hr, the cells were exposed to complete medium containing the indicated cytotoxic agents for the specified time. Subsequently, 10 l of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) (Sigma, St. Louis, MO; 5 mg/ml in PBS) was added per well. After 4 hr, supernatant was replaced with 100 l isopropanol/0.05 M HCl. Absorbance of solubilized formazan was measured at 570 nm. The percentage of viable cells was calculated relative to cells similarly cultured with diluent alone. To block glutathione synthesis, 1 mM buthionine sulfoximine (BSO) (Sigma) was added 24 hr prior to H 2 O 2 We purified recombinant Prx 1, 2, 3, and 4 to homogeneity (Fig. 1B) both to generate and test antisera. Prx 3 and 4 elicited isoform-specific antisera (Fig. 1C) , but antisera against Prx 1 and 2 crossreacted with other Prxs (data not shown). We raised additional antisera against synthetic peptides LVS-DPKRTIAQD (for Prx 1) and LLADVTRRLSED (for Prx 2) (underlined in Fig. 1A) . The resulting high-titered (Ͼ1:10,000) antisera detected only the homologous Prxs by western blot (Fig. 1C) .
Widespread Expression of Prxs 1-4 in Human Cancer Cell Lines
We then asked if some human cancer cell lines might express only a single isoform of 2-Cys Prxs. If so, targeting that isoform might produce a cell lacking any 2-Cys Prxs. However, all 17 cancer cell lines tested expressed mRNA for all four Prx isoforms, as assessed by RT-PCR. Results for prostate cancer and melanoma cell lines are illustrated in Figure 2A . Similar results were obtained for chronic myelogenous leukemia cell line K562, breast cancer lines BT20 and MDA-MB-231, and renal cell carcinoma lines SKRC 1, 7, 8, 9, 29, 39, 44, and 49 (data not shown). Prostate cancer cell lines LNCaP, TSU-Pr1, Du145, and PC3 were selected for further study. Each expressed Prx 1-4 mRNA as assessed by Northern blot (not shown) and protein as revealed by Western blot (Fig. 2B) . Preimmune sera were nonreactive (Fig. 2B) .
The Western blots demonstrated that each antiPrx antiserum bound to only a single polypeptide species in each of the cell lines, except for anti-Prx 4, which bound to a doublet. The apparent Mr of the faster migrating member of the doublet corresponded to the Mr predicted for Prx 4, and this species was also detected in the conditioned medium (not shown
Antisense Inhibition of Expression of 2-Cys Prxs
Compared to parental PC3 cells and to PC3 cells stably transfected with a vector encoding only the selection marker, about one in four of the stably transfected clones expressed lower levels of the targeted Prx. Figure 3A illustrates results for two clones per isoform. Longer exposure of films showed that Prx expression was never completely extinguished (not shown). As estimated by densitometry, expression was suppressed by 40-90% in the clones chosen for functional studies. Specificity was stringent for suppression of Prx 3 and Prx 4, in that the clones expressing diminished levels of either of these Prxs expressed normal levels of each of the other three (Fig. 3A) . However, one of the clones targeted for suppression of Prx 1 also had decreased expression of Prxs 2 and 4, and one of the clones targeted for suppression of Prx 2 also had decreased expression of Prx 4 (Fig. 3A) .
Effect of Prx Suppression on Sensitivity of PC3 Cells to Hydroperoxides
On average, exposure to 326 M H 2 O 2 produced a 50% reduction in the number of viable, vectortransformed PC3 cells recovered 24 hr later ( Table 1) . As illustrated in Figure 3B and summarized in Table 1 , partial reduction in the expression of Prxs 1, 2, or 3 shifted the concentration-response curve to the left, sensitizing PC3 cells to the cytotoxic effect of H 2 O 2 . This was seen for each of two clones targeted for each of the three Prxs. The two independent clones for each targeted Prx behaved the same as each other, even though targeting was not completely specific in the case of pcASPrx1-2 and pcASPrx2-12, as noted above. In contrast, suppression of Prx 4 did not sensitize PC3 cells to killing by H 2 O 2 (Fig. 3B) . Decreased expression of Prx 2 brought the human prostate cancer cells into the same range of H 2 O 2 sensitivity as P815, a mouse tumor tested under the same assay conditions (Table 1 and refs. 1 and 19) .
To compare the degree of protection afforded by physiologic levels of individual Prxs with that afforded by the glutathione redox cycle, we tested the effect of BSO, a specific inhibitor of ␥-glutamylcysteine synthetase (34) . Cellular levels of glutathione are markedly suppressed within 24 hr of addition of BSO (4, 5, 34) . BSO sensitized PC3 cells to H 2 O 2 to about the same degree as partial inhibition of expression of Prxs 1, 2, or 3 (Table 1) .
Tert-butyl hydroperoxide (tBHP) is a prototypical organic oxidant that induces cell death upon oxidation of lipids, protein thiols, and glutathione, release of Ca 2ϩ from the endoplasmic reticulum, and permeability transition in mitochondria (35) . We next examined the effect of antisense against 2-Cys Prx isoforms on sensitivity of PC3 to tBHP. The LD 50 was about 30 M, 30 M, and 40 M for PC3 cells expressing antisense against Prx 1, 2, and 3, respectively, whereas the LD 50 for parental PC3 cells and cells expressing control vector was not reached at the highest concentration tested (100 M). In contrast, suppression of Prx 4 had little effect (Fig. 3C) .
Effect of Prx Suppression on Sensitivity to Other Stresses
Adriamycin, an effective antitumor agent, contains an aminosugar in a glycosidic bond with adriamycinone, a naphthacenequinone. A one-electron reduction of ring B of adriamycinone leads to the formation of a semiquinone radical. Under aerobic conditions, the unpaired electron is donated to oxygen, forming superoxide (8) (9) (10) (11) . In this manner adriamycin can use intracellular reductants to catalyze the formation of ROI. Inhibition of the expression of Prxs 1, 2, or 4 sensitized PC3 cells to adriamycin. In contrast, suppression of Prx 3 had no effect (Fig. 4A) . The cytotoxic action of TNF is related to its ability to induce apoptosis in a process dependent in part on the generation of ROI (36) . However, individual suppression of each of the 2-Cys Prxs had no effect on sensitivity of PC3 cells to TNF (Fig. 4B) . Likewise, no nonredundant role was defined for individual 2-Cys Prxs in resistance to RNI in the form of an NO-donating compound, DETA NONOate (0.1-2.0 mM), and an S-nitrosothiol, GSNO (0.3-5.0 mM), whose cytotoxicity for human cells was previously demonstrated (32) .
Finally, we tested two additional chemotherapeutic agents, paclitaxel (5-40 M) and etoposide (0.1-40.0 M), for which no direct oxidative action has been described. Individual suppression of the 2-Cys Prxs had no impact on sensitivity of PC3 cells to these compounds (Fig. 4B) .
Discussion
Prxs are highly conserved and widely expressed among prokaryotes and eukaryotes, often with multiple isoforms per species. All 17 human tumor cell populations we studied expressed all four of the 2-Cys Prxs, and the prostate cancer lines expressed all four Prxs in every cell. Most human cells also express catalase and enzymes that cycle reduced and oxidized glutathione and thioredoxin. Thus, the question arises: why are there so many distinct systems to catabolize hydroperoxides in a single cell, and in particular, so many isoforms of Prx? Are these defenses redundant, or does each make a unique contribution? Redundancy of defenses might suggest that cells are subject to stresses that exert evolutionary pressure through generation of hydroperoxides, and that different stresses can differentially inactivate defense pathways. This situation would select for expression of diverse defenses with distinct vulnerabilities. Alternatively, additive defenses might be optimal if they each protected distinct subcellular compartments or could only protect the same compartment incompletely.
If one seeks to enhance radiotherapy, immunotherapy, or chemotherapy by inhibiting antioxidant defenses in tumor cells, it becomes important to understand the biological significance of the multiplicity of these defenses. For example, most human breast cancer cells markedly overexpressed Prxs 1, 2, and 3 compared to the normal cells in the same surgical specimens (37) . If Prx 1, 2, and 3 are functionally redundant, it might be necessary to inhibit all of them to sensitize the tumor cells to an oxidant stress. If these Prxs are functionally additive, inhibition of just one might sensitize the cells, and inhibition of more Prxs might sensitize them further.
The main inference from the present experiments is that some of the protective effects of 2-Cys Prxs in human prostate cancer cell lines are nonredundant both with the glutathione system and with each other. In the one previous report of antisense suppression of a Prx (31), Prx 2 was found to be elevated in clinically radioresistant tumors of the head and neck compared to radiosensitive tumors. Suppression of Prx 2 in cells cultured from the radioresistant tumors was associated with enhancement of their sensitivity to radiation in vitro. The study by Park et al. (31) is consistent with our finding that some actions of human 2-Cys Prx isoforms are nonredundant, and supports the implication that Prx 1, 2, and 3 protected cells against H 2 O 2 and tBHP, whereas Prxs 1, 2, and 4 protected cells against adriamycin. Prx 3 did not appear to protect against adriamycin and Prx 4 did not appear to protect against H 2 O 2 and tBHP. None of the Prxs tested appeared to provide nonredundant protection against RNI, TNF, paclitaxel, or etoposide. However, negative results in knock-down experiments do not exclude the possibility that Prxs may protect against these or other stresses. Prx isoforms may offer redundant protection in some settings, so that knocking down a single isoform is inconsequential. Alternatively, it may be necessary to drive down the level of a given Prx more extensively than we were able to do with antisense constructs. Prx 5 or 6 may be critical in certain settings. To probe Prx biology more deeply, it will be necessary to develop means to suppress or inhibit all the isoforms in any combination in the same cells.
inhibition of even one Prx may have therapeutic potential.
When tested against a single form of oxidant stress, such as H 2 O 2 , tBHP, or adriamycin, three Prxs each substantially protected the cells against cytotoxicity in a mutually nonredundant manner. This was evident even though the suppression of each Prx was only partial. Because the sensitizing effect of partially suppressing just one Prx was similar to the effect of depleting glutathione, it seems possible that the combined action of multiple 2-Cys Prxs may account for a substantial proportion of the antihydroperoxide defense of human prostate cancer cells. It remains to be explored whether differences in Prx expression or Prx-reducing systems may help explain why human cells are often more resistant to H 2 O 2 than mouse cells (15) .
The specificity of antisense effects is a critical issue (38) . Specificity was evaluated here by two types of internal controls. First, in six of eight clones studied, suppressing any one isoform had little or no effect on expression of three others. This demonstrated predominant but not perfect specificity at the biochemical level. Second, suppressing Prx 3 sensitized the cells to two stresses but not a third; suppressing Prx 4 had the opposite pattern of effects; and suppressing any of the four isoforms had no effect on cellular sensitivity to five additional stresses. Thus, antisense did not render the cells nonspecifically sensitive to injury, demonstrating specificity at the functional level. Nonetheless, spreading of suppression beyond the targeted isoform was observed in two of eight clones. This underscores the importance of testing multiple clones and evaluating multiple control proteins within them.
We first tried to suppress Prx expression by transfection with antisense phosphorothioate oligonucleotides. This resulted in marginally diminished expression of Prx 1 and 2 but not 3 and 4 (not shown). We turned to stable transfection with antisense expression plasmids in a tissue culture medium that lacked pyruvate. Only six to eight positive clones were obtained from ϳ10 6 cells per transfection, and in none of them was the targeted Prx suppressed. In contrast, when pyruvate was included in the selection medium, ϳ100 positive clones were recovered per transfection, in about one-fourth of which the targeted Prx was suppressed. The long-known ability of pyruvate to enhance cloning efficiency has been attributed to the rapid, stoichiometric, nonenzymatic, oxidative decarboxylation that ␣-ketoacids undergo upon encounter with H 2 O 2 (19) . In fact, extracellular pyruvate constitutes a physiologic antioxidant defense (19) . Given that tissue culture is an oxidizing environment, the usual requirement for pyruvate for efficient cell cloning may have been exacerbated by suppression of Prx. That is, clones in which a Prx was suppressed may have faced a selection disadvantage until pyruvate was replenished.
Finally, these experiments have established that individual Prxs may protect against different stresses.
